Little is known of the distribution of persistent organic pollutants (POPs) in the deep ocean. 10 Polyethylene passive samplers were used to detect the vertical distribution of truly 11 dissolved POPs at two sites in the Atlantic Ocean. Samplers were deployed at five depths 12 covering 26-2535 m in the northern Atlantic and Tropical Atlantic, in approximately one 13 year deployments. Samplers of different thickness were used to determine the state of 14 equilibrium POPs reached in the passive samplers. Concentrations of POPs detected in the 15 North Atlantic near the surface (e.g. sum of 14 polychlorinated biphenyls, PCBs: 0.84 pg 16 L -1 ) were similar to previous measurements. At both sites, PCB concentrations showed 17 sub-surface maxima (tropical Atlantic Ocean -800 m, North Atlantic -500 m). Currents 18 seemed more important in moving POPs to deeper water masses than the biological pump. 19
INTRODUCTION 26
Open ocean seawater measurements of persistent organic pollutants (POPs) are scarce 27 due to the difficulties associated with the sampling procedure, contamination and costs of 28 cruises. 1 and Makarov). 4 More recently, concentrations of PCBs, PAHs, hexachlorobenzene (HCB) 36 and dichlorodiphenyldichloroethylene (DDE) were detected using passive sampling at 0.1-37 5 km depth in the Irminger Sea, the Canary Basin and the Mozambique Channel. 2 These 38 studies reported the existence of POPs in the deeper ocean and indicated that the deep 39 oceans could be an important compartment for storing POPs. 40 The study by Booij et al. 2 was the first to use passive sampling (semipermeable 41 membrane devices, SPMDs) to study the POPs vertical distribution in the ocean. Even 42 though active sampling has been traditionally used, it bears the disadvantage of extensive 43 labor and extreme care of controlling blank levels. 2 Polyethylene sheets (PEs) is one 44 common form of passive sampling devices. It has many advantages including simplicity in 45 its chemical makeup, low cost, easy handling and a high enrichment of POPs. 5 Under the circumstances that the time to reach equilibrium is not known, the sampling 50 rate (Rs) can be used to derive the state of equilibrium upon retrieval. One way to calibrate 51 Rs is to use performance reference compounds (PRCs). PRCs are chemicals that are 52 artificially made which share similar properties to target compounds. However, due to the 53 extensive long time of pre-spiking samplers with PRCs, another approach has been 54 suggested by Bartkow et al. 7 using different thickness to confirm that equilibrium has been 55 reached. 56
In this study, polyethylene passive samplers of different thickness were deployed at two velocities were also measured at different depths by current meters during the entire 82 mooring period. Current velocities were averaged over the deployment time for discussion 83 in this paper. After samples were collected, they were wrapped in clean aluminum foil, 84 shipped back to lab and stored at -4˚C until analysis. Matrix spike and lab blanks were performed for each batch of approximately 10 samples. 97
Field blanks were taken during the North Atlantic deployment. All blanks were extracted 98 in the same method as samples. Limits of detection (LOD) were derived from field blanks 99 and determined by three times the standard deviation of field blank samples. Detailed 100 QA/QC information are in the Supporting Information (detection limits of all the 101 compounds quantified in this study are given in Table S3 ; recoveries are given in Table  102 S4). 103
PE concentration (CPE) conversion to environmental concentration 105
Concentration of target compounds in the PEs (CPE, ng g -1 ) were converted to freely 106 dissolved water concentrations (Cw, kg L -1 ) by equation (1) 107
where 109 PEw K is the compound specific partitioning coefficient between PE and water (L kg -1 ) 110 whose temperature correction for KPEw was done using equation (2), and 111 %equilibrium is the percentage of equilibrium achieved by individual compound in the 112 sampling period which is given by equation ( Sampling rates were estimated based on the assumption that PEs deployed at the same 128 depth/cage were exposed to the same truly dissolved concentration (Cw), and that the same 129 sampling rate applied to all compounds. Rs pairs were assumed to be from different 130 combinations of integers from 1~X L/day (X=100, 50, 40, 30 20, 10). For each 131 combination, %equilibrium was calculated using equation (6) and the environmental 132 concentration was further determined using equation (1) . The aim was to find the exact pair 133 of Rs that minimizes the total of standard deviations of all detected compounds. The total 134 of standard deviations is defined as 135 (Table S12) , with ∑ICESPCBs (PCB-28, 52, 90/101, 118, 138,153 174 and 180) of 6.2 pg L -1 ; they constituted ~73% of all the ∑14PCBs detected. ∑14PCBs was 175 close to the high end of reported value of (∑27PCBs , 0.24-5.7 pg L -1 ) by Gioia et al. 11 Table S12 ), which was comparable to what was 200 observed for ∑7PCBs (0.7 pg L -1 ) 4 and ∑6PCBs (< 1 pg L -1 ) 19 . As for individual congeners, 201 the highest concentration was determined by PCB-28, followed by 18, 44, 52 and then 101, 202 138, 153. This result is in agreement with result from Gioia et al. 19 28, 52, 101, 203 118, 138, 153 were the most detected congeners in previous studies; they were also the 204 dominant PCBs in this study. 205 HCB was the OCP detected at the highest concentration. The near surface concentration 206 was 10 pg L -1 , higher than those reported from the North Atlantic Bloom Experiment 207 (NABE) 20 but close to results from the RV Polarstern cruise ARK-XX (high Arctic , 4-10 208 pg L -1 ), 21 results for the East Atlantic Ocean (2-9 pg L -1 ) 14 and for the Arctic Ocean (7 pg L -1 ). 22 Table  230 S13. Overall, the comparison validates the use of PE samplers and the derived 231 concentrations.
A detailed discussion on the certainty of estimated concentrations can be found in the 233 Supporting Information.  234   235 Latitudinal fractionation 236
Next, we investigated whether there are large scale trends in PCB profiles reflecting global 237 processes. As our sampling sites are not directly linked by one major current, any 238 differences in PCB profiles should mainly stem from atmospheric deposition to the surface 239 ocean. As discussed in the methods, linear regression was used to investigate whether there 240 was a trend of the ratio of the compounds detected at the two sites and their physico-241 chemical properties. Results are given in Figure 2 . The overall correlation was not strong 242 (R 2 = 0.25, p-value = 0.25), due to an outlier (PCB-28). An outlier was defined as a value 243 outside of 1.5 times of interquartile distance (IQD = Q3-Q1) subtracted from or added to 244 the first quartile (Q1) and the third quartile (Q3). 25 A significant higher concentration of 245 PCB-28 in the north could be resulted from an unknown emission source near the sampling 246 area. After removing PCB-28, the correlation between north-south ratio of POP 247 concentrations and log PL was much improved (R 2 = 0.95) and became significant (p-value 248 = 0.001). The results imply that higher mobility compounds (higher log PL) display a 249 relatively greater abundance up north than compounds with lower mobility. This supports 250 the ideas formulated in the cold condensation theory, driven by large-scale atmospheric 251 transport. 26 Our results agreed with an increasing trend of concentration ratios of PCBs 252 (88˚ N : 62˚ N) along with log vapor pressure observed by Sobek and Gustafsson. 27 We 253 note, however, that the two samples we used for the comparison were not real surface 254 samples, especially for North Atlantic site. Depth profiles were plotted as in Figure 3 (values are given in Table S12 ). Comparisons 262 were made with the other two studies: Booij et al. 2 and Schulz-Bull et al 24 . Good agreement 263 was achieved between the three studies. In the tropical Atlantic Ocean, most dissolved 264
PCBs were detected at ~100 fg/L level with a few major PCBs (e.g. PCB-101,118, 265 153,138) detected at concentrations larger than 1,000 fg/L, HCB at around 6,000 fg/L and 266 PAHs within 1-200 fg/L . In the North Atlantic Ocean, PCBs were at ~100 fg/L, HCB at 267 ~10,000 fg/L in the upper water column and PAHs within 1-100 pg/L (North Atlantic). 268 Details are given in Table S14 . which was significantly different from the other depths. We note that neither study was 286 able to fully resolve depth profiles satisfactorily as only a few samplers were deployed, 287 potentially missing important vertical features in POPs concentration. In the present study, 288 sampling depths were restricted to specific coupling points in the mooring line, thus we 289
were not able to add more in addition to the present stations. 290
Two reasons were investigated to explain the shapes of the PCBs, OCPs and PAHs depth 291 profiles: i) Particle binding/sinking; and ii) Water current transport. Chemicals with higher 292 Kow (partitioning coefficient between octanol and water) tend to bind to particles more 293 strongly. With particles sinking and getting remineralized in the deep ocean, POPs are released back into the water. PCBs, for instances, have different levels of chlorination and 295 those with high chlorination degrees have higher tendency to bind to particles. The 296 composition from different PCBs chlorination groups were plotted in Figure S3 . There is 297 an increase of di-and tri-PCBs with depth, particularly at 800 m and below. No trend of 298 increasing contribution from higher chlorinated-PCBs can be seen, suggesting that particle 299 binding/sinking processes did not dominate the 800 m maximum in PCB concentrations. 300
We note that greatest concentrations of hexa-and hepta-chlorinated congeners were found 301 in the surface samples of the tropical Atlantic, not at depth. Once exported from the surface 302
Ocean, photodegration will not affect PCBs any longer. There is little evidence that 303 biodegradation has affected PCBs, in light of concentrations profiles with depth that are 304 not decreasing. Booij et al. 2 also pointed out that particle-associated transport is 305 insignificant in transferring contaminants to the deep ocean. 306
The existence of Mediterranean water has been observed in East Atlantic. 28 water. Figure S5 is the vertical section along East Atlantic. There is anomaly at 24.58 N, 316 indicated a ring of warmer, saltier and younger water mass than surroundings. Although 318 our sampling location was not exactly the same as where the anomaly occurred, 319 considering the size of Meddies and the close proximity of these two locations, intruding 320 from Mediterranean water cannot be ruled out. Depth profiles were plotted as in Figure 4 (values are given in Table S12) There was no available SF6 data for tropical Atlantic close to our deployment period; 384 CFC-12 data were used instead to assess water mass origin and age. CFC-12 derived 385 ventilation age was plotted against the ∑PCBs in Figure S4 . Detailed information for 386 ventilation age calculation was given in Table S15 . The three sites chosen from CCHDO 387 for the tropical Atlantic gave close CFC-12 data throughout the water column, indicating 388 little variance of water composition around (24˚ N, 38˚ E). Ventilation age was then derived 389 by averaging out the available ventilation age from SITE1 to SITE 3 (Table S15) . 390
The concentration maximum of ∑PCBs had a ventilation age of around 40 years, 391 coinciding with the peak in PCBs emission in the 1970s. 36 However, some other depths 392 that were not sampled may exhibit larger ∑PCBs than 800 m. It is also unknown whether 393 there is a lag in the response time of oceanic POPs to global emission, and how long it 394 might be. As discussed previously, the peak in PCB concentrations at 800 m could also be 395 due to Mediterranean water masses. Therefore, we conclude here that ∑PCBs detected at 396 the tropical Atlantic site generally followed the emission history of PCBs; yet it is unclear 397 whether the 800 m maximum reflected the 1970s PCBs emission peak. 398 399 North Atlantic 400 SF6 data was used for deriving the ventilation age of water masses in the North Atlantic. 401
Large variations occurred between different sites chosen for the SF6 data, most probably 402 resulting from the complexity in bathymetric and water current conditions in this area. The 403 closest sampling SF6 location to our PE sampling site which also covers the whole PE 404 sampling depths was included in Table S15. Figure S4 indicated a maximum in ∑PCBs at 405 a ventilation age of ~10-20 years, younger than the maximum at tropical Atlantic site.
Again, due to the limited data points, it is hard to accurately determine where the ∑PCBs 407 maximum would occur. The overall distribution pattern of ∑PCBs with ventilation age still 408 followed the global emission pattern, with one peak in the middle and decrease on both 409 sides. The shift in the concentration peak of ~20 years could be an oceanic POPs response 410 time lag not captured by the tropical Atlantic site measurement. 411 412 Mass balance implications for POPs in the Ocean 413
We selected HCB for calculating mass balance in the Atlantic Ocean because the vertical 414 profiles reported here show no significant difference in absolute concentrations across the 415 Atlantic Ocean and the trend is similar. However, for PCBs, OCPs (other than HCB), 416
PBDEs and PAHs either the concentration or the trend lacks consistency between the two 417 sampling sites. 418
For HCBs, we assumed a uniform spatial distribution across the Atlantic Ocean. Pilson 37 419 estimated the whole surface area of Atlantic as 8.65  10 7 km 2 with average depth of 3,700 420 m. The upper ocean (0-1,200 m) is loaded with HCB at a concentration of 9.6 ± 3.5 pg L -1 421 (mean ± standard deviation), while the deep ocean (1,200-3,700 m) has a concentration of 422 4.4 ± 1.6 pg L -1 , based on the results of this work. The total amount of HCB residing in the 423 Atlantic Ocean is 1,947 ± 709 t; it accounted for 45 ± 16% of the total HCB stored in the 424 ocean if using the estimation from Barber et al (4,300 t). 38 The total global production of 425 HCB was estimated as >100,000 t. 39 The contemporary environmental burden of HCB was 426 calculated as 10,000-26,000 t. 38 Hence, the Atlantic Ocean stores less than 2.6 % of HCB 427 ever produced, but contains 4.8-26 % of the global HCB environmental burdens. 428
IMPLICATION 430
The current study confirmed that it is possible to deploy passive samplers to determine 431 vertical POPs gradients in the Oceans. Yet deployment times of around 1 year were 432 insufficient for most POPs to reach equilibrium in 800 and 1,600 um thick sheets. The slow 433 equilibration was in part due to the need to use deployment cages to guarantee safe 434 deployment and retrieval of passive samplers. We were able to constrain sampling rates by 435 combining results from different thicknesses, PRC-laden sheets and modeling. Future 436 deployments would benefit from more PRC-impregnated samplers to derive in situ 437 sampling rates. 438
Results from this study supported previous work in highlighting the important role of 439 deep ocean as a compartment storing POPs. The presence of numerous POPs in deeper 440 water suggests that the deep ocean carries a significant mass already, particularly of the 441 legacy POPs. An intriguing observation from the two sites considered here is that lateral 442 water mass transport might be more important than vertical POP transport on settling 443 particles. As an example, PBDEs had penetrated the deep water masses of the Atlantic 444
Ocean to a much smaller degree than the legacy PCBs and OCPs. Clearly, additional work, 445 ideally both at numerous sites and with greater vertical resolution could help constrain the 446 importance of water mass versus particle-bound transport of POPs to depth. 447
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